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Growth and Fundamental Properties of GeSi Bulk Crystals
I･ Yonenaga
hsdbtefor M血als Research, TohoknUhiverdty, Sendai98018577, Japan
(a,mail : yonenaga@mr. tohoku.ac.jp)
I. Introduction
Gmanium-silicon (Gel-xSix or Ge-anium一点hcon SixGel_X) alloy is a Rdlymisdble solid
soludon of the diamond-baseand has atbTaCbd keminteFeSt aS material for bothmiqoelecblOnic and
optcHdecbTOmic devices inview of the poten6alfor band gapand httice param触r engineeringth町Oqer.
GeSialloysfor such apphcadonsare usually gpo- as仙n別ms on Si sub-es by various q?ltaXial
tedmiques. lJowever, in oder to clarifythefimdamentalinbmic physicalproperties of伽s material
野Stem for such血ICtionalapplicadons, it is necessary to grow highqualitybulk single crystals of GeSi
alloy oflarge size Suitablefor a varietyof phy由Calmeasurements･ Bulk GeSial1oyalso has expedd
apphcadon as a photoJetector, athermc>generator,anX-rayand neutron monchromator, a solarcell
and a lattice-matched subsbdefor GeSi qpitaxid grow instead of Si. The present audlOr has
attemptedthe Czxxhrddd卵W血ofGeSi bulk crystals oflarge由ze inthe whole composition range 0 <
X < 1 and succeded in growing Rdl由nde crystals of GeSialloys oflarge由ewi血nthe composidon
ranges ofO < X < 0115and O173 < X < 1 [1-7]･ Heavily impurity-doped GeSi crystals havealso been
gpo-forthe applicadon of the-decdc devices･ The su∝恕S Of growngalloy materials has
opened upthe basic research onthefundamentalproperdesthat are brmght about byalloying andthe
posdbilityof exploringthe iminsic properties ofdis teclmologiCally important material.
This resewch has beenunderbkenwiththe above･mentioned purposesunderthe support in part
bythe hts in Aid for Sciemific Research P) No･ 13450001 (aom 2001 to 2003 Academic year)
飢mthe Japan S∝ietyforthe Promodon of Sdence･ H-,血s paper rq?ortsthe some parts of the
redts on bulk crystd grow血ofGeSialloysand onthe clari丘edfimdamentalpropertiesthat have been
pdo-ed bythe author's group.
2. Bulk crystalgmwth
2.L GrlDWn COTShzb
Bulk crystals of Gel･xSixalloys inthe whole composition range o < X < 1 Wen grovm bythe
C2XX:hrdski technique at very low pulling rates ranging &om 1 to 8 mm瓜in diameterand longer than
40 zTm). Seeds prepared鮎m a Si or Ge crystaloriented parallel to 【111] or l001] orientadon were
usedforthe grow血ofthe crystals.
9
Fig･ 1･ Si-rich Gel-xSix anoys gmwn by也e Fig･ 2l Ge.rich Gel-xSixalloys gmwn bythe
C2XXhdski techmiq雌widl a Si seed crystaloI CZXX;hralski techmique･ The composidons at也e
【00l] orientadorL The compositions at dle gFOW血starting p血ons are杓= 0･03, 0･10,
gmwdl Starting rKXSitions aze杓- 0.85, 0.73,　弧d 0.15血m die le氏 boule to鮎right one,
and 0.85血m也e le氏boule to也eright one,　resrdvely.
FeSpeCdvely.
Figure 1 shows some of Si-rich bSialloy crystals groⅥm The cen血I boule was grown
ibm the melt ofimitial00m押SitionxhD - 0･39血血a pdlhg rate 1 mm胤　The compWidon at gFOd
imi血血n was xb - 0.73. Bodl Side crystals were grown bm a meltち瓜- 0.69 at a pulling rate of2
mm瓜　The starting composidon was x0 - 0.85 aJd也e ending compsidon of血Ieftandright side
boules were O･75 and O･82,憎p∝血ely･ Figure 2 shows some of Ge>rich GeSi auoys･ The
compslbons at groqA imitiadon of die bules血m the lea side were初- 0･03, 0･10 and O･15,
res押C血ely.. The leftand cemd crystals were grOwnat a Puuhg rate of2 mm瓜andtheright crystal
was grown at a pdbg rate of 1 mm瓜　The development offoW (111i facets on血boules00血S
血gFOW血ofa shgle crystal matedal. Fdl single crystals oflarge size (i･e･ larger山肌25 rrmin
diameter and longerthan40 rrm in lengh) were stN3ccSSRdly grownfor也e anoys of00mpSidorLS 0 < X
< 0.15 and 0.73 < X < 1, de sm姐Single crystalparts mar die Seeds of也e hgots pFOvidedalloys of
irdermediate composidonforthe trarLSition to polyiCryStallimibT, Odginahginthe MurrenCe Of
constitLdonalstqx:r-00olhg l2]. The soICalld Dash neckngwidl a他山arbd long neck part was
attempted in伽grow血of也e Si-rich GeSi crystalSwi血low density of grown-in disl∝血on densityas
sbwninFig･ 3･ Inthe丘gure,the boule grownwitha GeSi seedwidlthe same composlhonobtAmed




堅二二二二二二⊥　Fig. 4. Gel-xSixalloy crystals heavdy doped
with(a) Ga,仲) B and (C) P g拍wn by也e
Fig･ 3･ GeSi txJules (lea) grownwidl Dash Czochralski methd Compsitions at也e
nechng and (h如) grownwidl a GeSi seed gmw血imitiadonpointare(a)初-0.95,仲)xo-
widl也e same00m叩Ibon.　　　　　　　　0.95 and (C) xo = 0.90.
血ily dqpedwidl impurityOx)mn, galliumaJkL phoゆorus)witha concemtradon up to 1020 cm-3 were
also stKX3eSSRdly grown bythe CZXX:hralski medlOd as seeninFig. 4 [7].
2.2 chat gTIOW功vdo砂
The cri血algrow血velocityvcfor也e imitiadon of polyCrystaJhzadon caused by也e
consdttAionalsuper-C00hg磁l tX: estimated as a hcdon of the compslhon x bythe following
叩血on:
vc=D∇伊k/ VT;X(k- I), (k>1)　　　　　　　　　　　　　　　　　(1)
usingthe dis山budon c∝lEcimt k arbd di血sion c状tEcierlt D - (30 124 X)･ 1015 cm2/S 【8]. VO is伽
temperaAJre gdientin伽melt and ∇n is血∋ slopeof也e liquidus. Figure 5 shows也e cridcalgrow血
vel00山es estimatdfor也e temrxnture gradient of 50 K/cm as a血ndon of the composidon. The
experimentalresults inclding也ose rqEX)reed previously lll7] are superimpsedinthe丘gure. The
hnsidon丘om a single crystalto a ply{rystallimibr seems to o∝ur atthe pulhng rate lower thanthe
鮮血血cdtiCal即)W血velocj也eqxxiauyin也e Ge･hchalloys. Posslbly,the temperature gadient
is reduced since lower tmrxntupes aze necessazyfor也e grow血ofthese GeSi anoys. In addidon,




Fig. 5. Gmw血-vel∝旭es of GeSi
crystals as afimcdon of composlhon.
Solid line showsthe esdmated cridcal
grow rates for a temperahwe gadient
of50 K/m. Open circles correspond
tothe grow of singe crystals, whne
solid dJdes correspond to omce of
polyやStallizadon at a l如e sbge of the
grow血and nearthe seed.
the crystal/meltinterfaaand血s may resultinconstihJtionalsupercwlingand polycrystalli22ldon.
2.3 SpaM lW肋n of肋e co〝pOSh払n ofGhSi a恥
Spadalvariadon of the alloy compoS紬on in a groⅥm CryStalwas quanbtadvelyanalysed by
m助ms OfEDX specb10SCOPy. AcrosstheinterfTace betwemthe Si seed crystalandthe growalloy
crystal,the abrupt variadon of the compo5紬皿was observedinGeSial1oys grow丘omthe melts of the
ini血l compodtions higherthan屯10 - 0.050 unlike a long bnsient inthe compo由tion rq)Orted for a
G盛i crystalgrow bythe BridgmanmedlOd. Thethickness of such a transient喝On Was Supposed
to be lessthan 50 pm.　Co山wily,the gradualincrease of composition was obsewed in GeSi crysds
grow by uslng a Ge seed. Exceptthe seeding and grow血initiadon prcKXtSS,forany gr… Crystal
the composはon changes spadal1y in such a waythatthe Si content gadually decrewalongthe pulling
direcbon, lmPlyingthat Si inthe melt is preferendal1y constmedand takenintothe crystalduringthe
grow血【2]. The compo血onalvariadon dmingthe grow血PrcKXS Was Calculated according tothe
Sdleils'S reladon of the complete m氾ng Ofthe melt
X - xh.払(1-g)ち-1, (2)
where isthe inidalcomposition of the melt.　The equilibriumdisbibudon coeBicient ko is obtained
丘omthe phase diagram, depending onthe melt composlbon.　　Figure 6 showsthe evaluated
compo由donalvariadon agalnStthe solidi丘cadon rado forthe various imitialmelt composidon togedler
withthe experimentalresults. It is seenthatthe generaltendenqy inthe composidon variadonswith
the solidi丘cadon rado is in agreementwithexpenmentalresults. How即er,there is discrepandes in
the values of the composition. Thus,the composition variadon of a grow GeSi crystalalongthe
pulling diredon canbe explained sa丘sfactorily bythe00ndition of complete mlXlng Ofthe melt usLng




















eqect caused by a large differenceinthe densities ofGe and Si.
2.4. Lb'buk'on coeBhnt ofiwu肋
The evaltnted disdb血on c∝氏cients of various doparrtsinthe GeSialloys ale Shownin
T払le 1,incomparisonwiththoseinpue Si 【9]. The obtained distribution c∝氏cients for B and P
w粥dmost independent of也e impuribl comcentradon,也e ahoy compsition and也e pul1hg rate.
Dold etal. rqprted dnt也e disbibudon c∝Bicients ofAl, Ga, In, P,Asarbd Sb impurities were close to
也oseinplqe Geinshddy impuribr doped Ge･rich Sも.05Gq).95 grOwnbythe vertiCalBridgeman
medlOd l10】. Onthe odler hand, Kamomik et al. reprted a large magmitude of也e disbibution
c伏IEcient of Ga ofO.3inSio.15Geo.85 [11]. However, dleir impuri呼Concenbdon ranges were radler
low h die Present Study on heavily do匹d Si-rich GeSi (0,80 < X < 1)the estimated distribuhon
c∝瓜cients of也e impuritiesinGeSialloys aLe higher也m dlOSeinSi. It canbe stqpsedthatthe
incorporadon of Ge atoms of large abmiC size may lead to enhanced segregadon of也e impudbesin
GeSialloy crystals as comparedwidl Pure Si crystals.
Table 1. DishbtdonL C∝Bicient ofB, Ga弧d P impuritiesinGel-xSix in compansonwith
thatinpure Si Oief. 9).
Impurity �4���6ﾆ����儡i 
X-0.8 ��rﾓ�纉��X-0.95 
B ����ﾓ�纈�～1.2 ����ﾓ����0.8 
Ga �� ���2�0.008 














FiguFeS 7and 8 show X-ray topographic images ofplates cut鮎m a Sio･73Geo17 CryStaland a
Ge"5Si｡95 Crystal, reSPeCdvely. The Si cmtent of the plates parallel (Fig･ 8a)and perpendicular伊ig1
8b) tothe grow axis were detemined to be x ～ 0･95 and ～ 0･93･Ascleady seeninFig･ 3a,
did∝血ons ofa highdensityare generated丘omthe Si seed/GeSial1oyinterBace･ The disl∝血ons in
the seed were generated due tothe die-alshock of the seeding pnx恕Sl　0nthe other hand,the
did∝血onsinthealloy are rather s也ght, ruming nearlyalongthe grow血axis･ The Burgers vectors
of the disl∝血〉ns were found to be pardlel tothe interGace･ That is,the did∝血onsareunderstd
Fig･ 71 X-ray topographic images of a Gel-xSix crystal






Fig. 8. X-ray topographic images of a Gel-xSix crystalofxb - 0･95･ (a) hage of the parallel plate
and (b)that of the perpendicularplate tothe grow axis･ The arrows showthe di缶action vector
g1-400　andg2=220･
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to odginateinorderto amodatethemiat sb血attheinterface･ hthe plate perpendiculartothe
grow axis Fig･ 3b,fine concendc drcles) sowed shjbblonsare apparent The variadon of
composition related to suchfluchladon was smallerthanthe detection limit ofEDXanaly盛S･ White
hnes n-g acrossthe sbiadons seeninthe topograph arelmages ofdid∝血ons. Such did∝血mS
are mainly generated atthe seed/huoy i峨butalso加mtheperiphery of the crystalas dbsewed in
highpurityGeSialloys l1,2,3,7]･ The dendtyofgr0--in didocadonsindlealloys wasinthe range
103 - 105 cm-2･ The generah p-s may be conbued bythe maghde ofthemiBt sbain
betweentheal1町and sedthe temperahm,the temperahue卵血entandthe md'ility of generated
did∝血ons inthealloy.
Twins are血dbserved in GeSial1oys ofinte-ediate Si content. The slacking fdt
energy of GeSialloy is 55-60mJ/m2,int-ediate betweenthose of Siand Ge as seeninFig. 9 [12].
Mn generadoninGeSialloys IS not ascribed to a lower mag血de of the stacking fdt enerw but




Fig･ 9･ slacking fault energy of蝕Sialloys depending onthealloy comrxmhon･
3. FhdamentalpltIPertieS
3.L Local abndc肋cbwe
Extended x-ray-absorpdon血e一血lCture阿AS)甲eCblOSCOPy On die grOWII Gel-xSix
dloys inthe whole composidon range 0 < X < 1 were performed to clarifythe effect of alloy
compodtion ontheぬInic bonding of the nearest-ndghbor inthe l∝d atomic shchne l13, 14].
























BLlOBand BL-llB staion, re甲eCdvely, of XEKぜF･ The first-dleu Ge and Si00odinaGon
ntmbcrs aFtWd G母and Si abms dedved Bom也e XAFS dぬare血own as a Rmcticn of alloy
conlPOd丘皿inFig. 10. Here, N-G<Ge)and N-Si(Ge) meanthe CCK)Fdinadm mlmbers arowd Ge
ぬns dedved触m Ge K,edge XAFS dぬ,仙le岬Si) and NISi(Si) mcanthose around Si abms
ddved bm Si K,edge XAFS data･ The dadled lines血owthe cwdimion numbers predicted fcm
randommiXhxre of Siand Ge abms. The XAFS results血ow a random sid)sdbGcn dte mpanq
of Si and Ge atoms acrossthe emire00mpo血on range. The ordering parameter l0.25NGe - (1 - X)] / x
pd. 14) es丘mated加mthe Ge ccordinadon numberNBar-dthe Ge abms in bulk Gel-xSix crystals
(0.44 <X<0.82), is …d 0.06 - 0.ll, farBom l･ This meansdlatnOPrefepemialode血g of the
G曲dimer seems to oWinbulk GeSi crystals aqossthe whole compoS組on range.
The Ge-Gq GかSiand Ge-Si bond lengthSinGeSialloys are plo血againstthe anoy
compo血oninFig. ll. ItwaiS血皿dthatthe的GヶSiand Si-Si bond lengths maintain didncdy
diqqemt lenghsand varylinearly as afuncdm Of Si content whch is血血ar to odler Semiconductor
glqys as G血As 【15]. Atthe composi血X - 0.5the GかSi bond lengdl is 2･40 - 2･4l A,
corresponding tothe sumofthe Si and Ge covalent radh･ The observed bondingfeahue in GeSial1qys
is dose to, bd not completely,the sodluPauling limit l16] raherthanthe Vqgard limit l17]･ The
esdmated tqpologiCalrigidityparameter 0.6 suggeststhatthe bond lengthSand bondanglesare distorted.
h comparisonwiththe ab,inih'o predidons l18】, it can be condudedthat most ofthe血n in GeSi
alloys is accommodated by changes ofbohthe bond lengdl and bmdangle. The X-rayfluo憎く治nCe
hdography shldyincludingthe second neighbor atoms血owsthe sim血characteriStiC氏血Ⅰ℃s of the













Fig. 10.血and Si cwdimion numbers Fig･ 11･ GかGebondlengdl(叫,dleGか
around Ge and Si atoms derived丘om XAFS
data as a血ldon of Si content. The symbol
◇ isforpwe Si crystal. The dadled hnes
showthe cooFdinadon numbers predicted丘αn
a random mi血陀Of Siand Ge atoms.
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Si bond lengdl (Ge>Si)andthe Si-Si bond

















































































The elecbicalandthermalproperdes have becninvesdgad at room temperabeand
elevated temperahwes forthemoelechc applicadon of the present materials.
The elecbicalconducdvib, decreases monotonicallyfrom pure Ge to Siwithincreahgthe Si
contentinundoped GeSialloys, whch is atbibuted totheinbindc canier concemdon detemined by
theband gap encrgy･AsS鰭I in Fig･ 12,the elecbTOnand hole mobilidesare comparable each otherin
GeSialloys of dleinte-ediate composidons and dlOW aminimumarotmdthe Si content 0.5 - 0.6,
which canbe explainedinte-ら ofthealloy scadng produced bythe disopdepedflu血血onsofthe
latdce potemials atthe latdce由tes l20-22]･ Similarly,thethermalconductivitywas mainly conbTOued




Fig. 12. ElecbTOnand hole mobiliGes of
G盛ialloys at room temperahue as a
Rncdom of Si content.
0.5
Sl'codend
Fig･ 13･ The-alconducdvity ofGeSialloys
at 600oC as afuncdon of Si content.
Corpcmdon of elecbically activelmpurides leads tothe reducdon ofthcmalconducdvity
and elecb10Il and hole mobilities･ By u由ng highqualitysinde crystals of Si-rich SiGealloys, high
efEdentthemo.Clecbic pFOPer丘es have been dbtainedincomparisonwiththose previowly repodfor
GeSi polycrystds ofanintemediate composition l23].　The m飽S∬ementS Ofthethermal
conducdvity(K), elecbicalcmductivity(d and Sea,eck coetRdent (a) of the heavily impuritydoped
crystals were performed inthe temp弧山re range 300 - 1000 K. The Sea)eck cufRcient αwas 300 -
400 LAV艦at 600oC inthe impurityJoped GeSial1oys･An回vs ln (句plot ofhi曲ly impurity-
doped GeSi alloys db町S alinear relaGon as seen in Fig･ 14･ The slopeofthe sbdght line is 1.2 Me,


























































Fig. 14. The absohde Sea)eck cuEident of GeSialloys versusthe elecbical conducdvib, at 600oC,
血erethe data on polycrystals Geo3Sio.7 by Dismukes etal. LJ. AWL. PbiS. 35 (1964) 2899]are
plod.
3.3物〃加甲〟rO
htersdGal1y dissolved叩genぬnsinC2XX:hralski-grow Gel_xSix were invesBgated bythe
infiqed absorpdon甲eCb10SCOPy tOgetherwiththeanaly点s bythe secondary ion mass specbTOSCOPy and
the X-ray fine shlChqe l3, 24].
Fig. 15 showsthe inbred absorpdon甲eCb･a of the grow Gel_xSixalloys of various Si
content x, obtained at RT. The remarkable, broadpeak was observed a;tthe posidon centeredaround
1 106 cm-I, whidmri由nate onthe ant-Symebic sbletChingvibradon ofintersti血ly dissolved ovgen





peak at 855 cm-I onglnahng
舟αTI Ge,0-Gevibradon Ⅷ
ddDCted even in Gedch GeSi
alloys. Moreover,there is no
peak inthe wave number
range llO6　-　855　cm-1･
Thepeak intendtydeqeases
with　a decrease in　the Si
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Fig･ 15･ hhred absorpdon specb･a of the as-grovm Gel･xSix



































corresponds well tothe change of the total拡ygen COnCenbdon dctemined by Sm応, which means
thatalmostall die ∝ygen atoms intheallcys are Present aS intersti6ally dissolved abms, but not as
predpi触S･ The耽ygen COnCenbdon is detemined bythe rado of Si-Si bonds in GeSialloywith
re甲eCttOthe composidon,血ee Siand Ge abms -pythe latdce盛tes randomiy･ Thus, it is found
thatanovgen abm pFeBeremially ∝mpiesthe bond,ccmtered position of Si-Si bonds,foming Si-0-Si
centers･ No peak originahg Into Si-0-Ge quasi-molecule exists in GeSialloys.　Probably
oxygen atoms have a sb10ngerinteracdonwithSi atomsthanwithGe ones･ The 1106 cm-1 peak
血鮎to low軸enq ddewithanincreaseinGe, possibly due tothe expansion of Si-Si bonds as
revealed bythe XAFS shldy describedina previous section l13, 14].
3. 4 MechLmidpropudお
Uhiquefeahqe of GeSialloys mgLnahg aomthealloying has been observed ontheir
mechanicalbehavior･lmthe hrich GeSialloys ofcompodtion range o < X < 0.08the did∝adon
vd∝吋decreases monotonicallywithincreasing Si content, reaching about one of seventhofthat in
plqe Ge atx = 0108inthe tempera山托range 450 - 700 oCandthe sbleSS range 3 - 24 MPa l25].
C00血ly, inthe compo盛tion range O･94 < X < 1the didocadon velodtyfirst increasesandthen
decreaseswithincreasing Ge content inthe temperabre range 750 - 900 oCandthe sbTeSS range 3-30
MPa as seen Fig. 16 [6, 26].
Fig. 16. Velodties of 60o dislocadonsinthe Ge-
richand Si-rich GeSialloy at 550and 800.C,
respectively, tmder a sh哉汀SbleSS 20Mpa as
dq?endent onthe Si content.
The sbleWSBain behaviorinthe yield region Ofthe GeSialloys of the composition 0 < X <
0･4 is由mi1artothat of Ge at temperabres lowerthanabout 600oC 【27】. However,the yield stress
becomes temperahlre,insensitive at hightemp血lreS and incFCWwithincreasing Si content. The
sb15SSISdn curves of the GeSialloys ofdle COmPOSidon range O･94 < X < 1 is simi1artothose of pure Si
at temperahues 800-1000oCandthe yield sbleSS increaseswithdeqeasing Si content l6, 26]. Figure
17 showsthe compodtion dqpdence of the yield sbTeSS Ofthe GeSialloysunder a shear sBain rate of
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Fig. 17. Yleld sbleSS Ofthe GeSi
alloy plotted against　the Si
contentforthe deformadon at
900oCunder a shearsBain rate
100　　　　ofl.a x lO4S-l
1.a x 104 S･l ai 900oC･ The yidd sbTeSS increaseswithincreasing Si contentinthe compodtion rangex
- 0 - 0.4 and decreadng Si content. Theyield sb,esses ofdlealloyswithX> 0.10are much higherthan
that of pure Si･ Overthe whole composidon range of the GeSialloysthe yield sb,ess showsthe
maximumaroumd x - 0.5and be dq?endent onthe composidm aS prOPOrtionalto x(1 - X). Sincethe
elasdc constants血ow alinear dlangefromthat of Si to Gewithrespectthe composlbon, lt Canbe
supposedthat btdt-in sb,essfields related tomicroscopicfluch血on ofalloy composlbon, togetherwith
the dymamiCintdon betwem did∝血onsand solute atoms, suppFeSSthe disl∝血on activitiesand
b血g aboutalloy hardening l6, 25].
4. ConcltlSive I℃marks
Althmgheven now GeSialloyswithintemediate compo血on remain di瓜cdt to grow in
singe crystalfom,the establiSlment of血table grow methods andtheknowledge onthe iminsic
materialproperdes by using bulk crystalSare importarLt hm bothfundamentaland practiCalviewpolntS･
E甲edally,血Salloy has large potendalnot onlyformicrDand opt&elecb10nic device applicaion btit
also for elecbic power generaGonunder more envirorment-compadble condidons.
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